Abstract. Geophysical techniques are a commonly used, non-invasive method for the location of unmarked graves. Contrary to popular perception, most studies rely not on directly imaging skeletal material but instead on locating the subsurface disturbance created by grave digging. This approach is effective only when sufficient contrast exists between detectable properties (such as structure, mineralogy or porosity) of the grave fill and the surrounding sediment. Resolving these features can be particularly problematic in disturbed areas where other anthropogenic fill is in place, as it is often complex in character and lacks a natural stratigraphy.
Introduction
Geophysics has wide application in archaeological, geotechnical and environmental investigations. Application of geophysical techniques enables exploration of the subsurface in a non-invasive and non-destructive manner and in turn provides a culturally appropriate approach to surveying sensitive locations. Many geophysical techniques are applicable for burial detection; however, ground penetrating radar (GPR) is a particularly effective and widely applied technique. GPR has been used for geological applications since the 1960s, and since the mid1980s has been increasingly adopted within the engineering and archaeological communities (e.g. Bevan, 1991; Cook, 1960; Imai et al., 1987; Gracia et al., 2000; Reynolds, 1997; Watters and Hunter, 2004) .
GPR has been widely applied to the detection of graves, although the direct detection of skeletal material is difficult (Bevan, 1991; Schultz, 2003) . Burials are most easily recognised in GPR by grave cuts, particularly where the soil has horizontal stratification (Bevan, 1991; Conyers, 2006) . Grave shafts are visible because they cause the truncation of soil horizons and stratigraphic layers, and are then backfilled with mixed soil materials which differ in dielectric properties (Bevan, 1991; Miller, 1996; Vaughan, 1986 ). This approach is less successful in homogeneous regolith such as some lacustrine and aeolian soil materials (Doolittle and Bellantoni, 2010) .
Another potentially fruitful approach is to locate metallic objects associated with the burials, such as metallic coffins or grave goods, which will likely result in high-frequency signatures in GPR data (Bevan, 1991; Novo et al., 2010) . Additionally the void inside a coffin can be detectable with GPR (Bevan, 1991; Doolittle and Bellantoni, 2010) , however untreated wooden coffins often decompose and collapse within a decade (Doolittle and Bellantoni, 2010) . Metallic coffins will be most easily imaged based on their high contrast with soil and resistance to collapse (Doolittle and Bellantoni, 2010; Owsley and Compton, 1997) .
To locate burials using GPR there must be minimal postinterment disturbance to the grave fill and surrounding stratigraphy (Conyers, 2006) . This disturbance can be caused by animal, plant or human intrusions that alter the contact interface between the vertical shaft backfill and the substrate (Conyers, 2006) or introduce scattering (Bruzewicz et al., 1986; King et al., 1993; Nobes, 2000; Vaughan, 1986) . Another impediment to locating graves may occur when a cluster of graves cause overlapping diffractions that are not individually identifiable (Nobes, 1999) . This effect may be minimised by the choice of a higher frequency antenna (i.e. Rial et al., 2009) or through appropriate migration during data processing (Barton and Montagu, 2004) GPR and stratigraphic investigations GPR has great application to the delineation of geological or anthropogenic features in the subsurface (as summarised by Bristow and Jol (2003a) ). GPR can be used for a range of applications including sedimentological investigations, (summarised in edited volumes by Baker and Jol, 2007, Bristow and Jol, 2003b) , detection of kimberlite pipes (Power et al., 2004) , fault detection (Dentith et al., 2010) , landfill studies (Splajt et al., 2003) , concrete testing (Grandjean et al., 2000) and a variety of other targets of economic importance (Francke, 2010) .
Variations in GPR wave behaviour in sediment are predominately caused by variation in water content (Huggenberger, 1993; McCann et al., 1988) . On a small scale, this variation reflects sedimentary structures and hence these may be visible with GPR (Van Dam, 2002) . As a result, GPR has been extensively applied to the delineation of stratigraphy including mapping sedimentary facies and stratal geometry (Baker and Jol, 2007; Conyers and Goodman, 1997) . For example, the characteristic steeply dipping parallel reflectors in aeolian sediments can be effectively imaged with GPR (Bristow et al., 1996) .
GPR data can also be interpreted to calculate energy velocity through the subsurface stratigraphy, which not only establishes true depths, but can also assist in determining lithology (e.g. Pedley et al., 2000; Pringle et al., 2003; Smith and Jol, 1992; Whiting et al., 2001 ) although this can be compromised by small scale variations in soil moisture (Whiting et al., 2001 ). Smith and Jol (1992) demonstrate how GPR can be used to determine stratigraphic parameters including bed thickness, dip, and internal structure.
A history of Mokare
Mokare (also known as Mokaré, Mokkare, Mawcurrie, Mokoré and M okar e (Mulvaney and Green, 1992) ) is a significant figure in the colonial history of the Albany area in south-western Western Australia. Mokare was a Noongar man who lived in the area immediately surrounding Albany who, following an encounter with Dumont d'Urville in October 1826, became an informant, guide, intermediary and close friend to many members of the European community (Shellam, 2009) .
European records of Mokare's dialogue and actions provide some insights into the functioning of Indigenous society in the area both before the British arrival and during the garrison period (Shellam, 2009) . Mokare is also significant to the joint narrative of Indigenous-European relations in his role as liaison and proponent of peace, which, along with other contributing factors, led to a uniquely harmonious co-existence between the Indigenous people and Europeans during this period. Prior to the King George Sound settlement coming under the authority of Captain James Stirling, Mokare had many discussions with Captain Barker, who was Lieutenant Governor of the Swan River Colony at the time, about the changes that might occur when the settlers replaced the garrison troops and convicts (Green, 1984) . Mokare also provided Scott Nind with a detailed account of tribal life, which was published in England in 1831 (Nind, 1831) .
Mokare died in August 1831 and was buried in an oval shaped grave of four by three by nine feet. The long axis of the grave was orientated east-west, inclining a little to the south-east and north-west. The digging ceased when they reached water at three and a half feet (Shellam, 2009) . During the ceremony Mokare's spear, meara, and kangaroo skin cap were placed on the surface of the burial mound (Goode, 2001) .
On the 8th of November 1835 Alexander Collie died in Albany most likely from tuberculosis (Shellam, 2009 ). Collie's dying wish was to be 'laid beside the Native Chief Morkew, whom he himself buried, when Resident of that part of the colony', a request which was respected with his interment beside Mokare's grave (Shellam, 2009 ). However Collie's dying wish was reneged five years later when Governor Hutt requested his burial be moved from the side of Mokare and reinterred in the new Albany cemetery on Middleton Road. The exact location of Mokare's grave has been lost, although some evidence for its location is presented in the following section of this paper.
Case study area
The area for the GPR case study investigation measures 10 Â 6 m and is located in Albany Town Lot S112 on the corner of Collie Street and Grey Street West. This block serves as a car park for the library and town hall located immediately to the east. The study area includes a small section (~6 Â 3 m) of bitumen surface located in the south-east corner of the middle level car park and a larger (contiguous) section located on the eastern end of a grassy slope which connects the middle car park with the lower car park (see Figures 1, 2) .
Although Collie (1834) provides a detailed record of Mokare's burial ceremony, there are no historical records which indicate the exact location of the gravesite. The geophysical survey was undertaken in April 2009 with the study area being chosen based on guidance and advice from the local community. The chosen location conflicts with some oral histories and an early historical map by Chauncy (1851) who was the first town surveyor (an excerpt of this map is provided in Figure 3 ). An alternative site was suggested in an area of trees in the north-west corner of the lower car park (see Figure 1) where an oval shaped grave can be seen in the map drawn by Chauncy in 1851 (see Figure 3) ; unfortunately due the dense accumulation of trees GPR was not deemed a suitable method for investigating this location. Historical research had not established definitively that Mokare was buried in Albany Town Lot S112, however anecdotal accounts and town plan maps by Clint (1832), Hillman (1836) and Chauncy (1851) have established that this lot was used informally for the town burial ground sometime from around 1832 (Goode et al., 2005) . Chauncy (1851) has five graves drawn on the map (see Figure 3) , located upon the north-western end of Lot S112. Four of these graves are drawn as rectangles (suggesting European practices) and one is drawn as an ellipse or an oval (suggesting traditional Indigenous burial practices). From the account by Collie (1834) of Mokare's funeral it is clear that his grave was dug as an oval to create a burial mound. Collie was also known to be buried with Mokare in 1835 and later exhumed and transferred to Middleton Road in 1840 (Shellam, 2009) , before Chauncy's 1851 map was drawn. It is possible that other burials including that of Mokare's brother Talwin, as well as numerous traditional Aboriginal people from the Albany area were also located on Lot S112 and the immediate environs of the Albany Town Hall (Goode, 2001) .
Lot S112 currently slopes to the east from Collie Street to the lawn, and has been subject to a considerable amount of earthmoving since Mokare's death in 1831 (Goode, 2001) . Between 1886 and 1888 a town hall was constructed on or near Mokare's grave, next to what is now the main street of Albany (Goode, 2001) . Two houses were also built to the rear of the Albany Town Hall (see Figure 4) and one of the houses would have stood approximately where currently the lane runs between the senior citizens centre and the car park on the western end of Albany Town Lot S112 (Goode, 2001) . The western end of the site was used as a timber stockpile and vegetable garden in the period 1886 to 1954 (see Figure 4) , although it is suggested that buildings were not placed over the interpreted location of graves during this period (Goode, 2001) . In the 1950s a diesel generator was built on the north-west corner of the site (Goode, 2001) . In 1963, during the excavation behind the town hall, two bodies were discovered wrapped in blankets, however there is no evidence that either was Mokare (Goode, 2001; Shellam, 2009) . A car park was constructed on the western part of the site in 1970 with significant excavation carried out at this time (Goode, 2001) . When the car park was built extensive earthwork was undertaken to make a series of flat 'benches' suitable to car park construction. This involved removing approximately 3 m of soil from some areas of the site and the fill shifted to add up to approximately 2 m of soil to other areas of the site (Goode, 2001 ) (see Figures 5, 6 and 7) .
Comparison of the pre and post excavation topographies (Figures 5, 6 ) reveals that the top of the slope in the GPR survey area is at an elevation slightly lower than the original topography and that mid-slope the GPR survey area is slightly more elevated than the original topography. The study area is underlain by Mesoproterozoic igneous felsic intrusive rock, most likely granite, and has a thin regolith cover (Geoscience Australia, 2010) . Soil pH ranges from 4.3 to 4.9 (CSIRO, 2001a) and consists predominately of textured sand (CSIRO, 2001b) and less than 20% silt in the topsoil (CSIRO, 2001c) . These geological conditions are excellent for undertaking GPR surveys due to the low clay content, however the high acidity of the soil is not amenable to the preservation of skeletal material. Lot S112 has had numerous services emplaced in its immediate area including electricity, water, telecommunications, and gas. However no active service lines are shown to exist within the study area on available service plans.
Methods

Survey design
The survey consisted of nine parallel GPR lines trending approximately north-south with a spacing of 0.5 m between Detecting graves by mapping anthropogenic fill with GPR Exploration Geophysicslines. The line Mokare1 is the westernmost in the survey and is placed parallel to and~0.5 m to the east of the easternmost extent of the staircase leading from the middle car park to the lower car park (see Figure 1 ). All lines begin on the bitumen middle car park 3 m from its southern boundary. All lines were collected in a southerly direction; initially on the bitumen car park, moving up the gutter on its southern boundary and then continuing south down the steeply inclined grass area between the middle and lower car park before terminating on the southern extent of this feature. Where lines (specifically lines 3, 4 and 5) reach an obstacle (a wooden planter box) they are terminated and a second line started on the southern side of the obstacle.
Instrumentation
The survey was conducted using a RAMAC/MALA X3M GPR with a shielded 250 MHz antenna. Acquisition was undertaken using a survey cart with an odometer that was calibrated against a measuring tape on a flat surface before the survey. Data were acquired using the RAMAC GroundVision program running on a Toshiba notebook computer.
Acquisition parameters
Data were collected using a sample frequency of 5791 MHz, a time window of 65 ns, 378 samples, trace increment of 0.02 m and eight stacks.
Positioning
The location of the GPR lines relative to surface features was measured on site using a survey tape. The start and finish location and line number of each survey line was marked on the site with spray paint.
Data processing
All geophysical data was processed and interpreted using the ReflexW program. Data was processed by correcting the start time based on a picked phase, a bandpass butterworth filter with a lower cutoff of 68 Mhz and an upper cutoff of 715 Mhz, a background remove and average trace filter and an FK migration. Display filters used included ACG and dewow. A processed line before topographic correction is shown in Figure 8a . Lines were topographically corrected using an approximate topography extracted from Figure 7 as shown in Figure 8b .
Results
The quality of GPR data acquired during the survey was excellent, with good resolution of features to a maximum of depth of 1 m. An example GPR transect image is shown in Figure 8a , and the same transect with topographic correction in Figure 8b .
Data analysis
GPR data was consistently similar in all lines and consequently subsurface features could be confidently identified as being 
Discussion
This radar survey found no features that could be interpreted as a grave. It did reveal a steeply dipping lens of soil which was ubiquitous to the southern 6 m of all GPR transects. The lower surface of this feature, shown by Feature Two in Figures 8a, 8b , and 9, is far too steep to be a natural angle of repose (i.e. Carson and Petley, 1970) . This angle suggests that a significant amount of natural regolith has previously been removed and subsequently filled. This indicates that substantial earth works have been undertaken on this site, most likely during the construction of the car park in 1970. Clearly, no burials emplaced before this time can be present in this fill, and no possible burials were revealed below it. Additionally, the 'bench' between the middle car park and the lower car park clearly cuts into the estimated original ground level modifying the elevation by~1.5 m to 5 m along the bench (Figures 5, 6 ). This precludes the possibility that Mokare's burial could be preserved intact in this area, due to an insufficient original burial depth.
The source of the anthropogenic fill is unknown, however inspection of early photography and the steep topography of the site (Figures 4, 7) suggests that the excavation was considerably larger than could be filled with the material available on the site. Also, the ethnographic survey conducted by Goode (2001) suggests that when the western end of Lot S112 was excavated in 1970, the resulting fill had been shifted to raise the ground levels adjacent to the lane-way. Modelling of the wave velocity of the fill using hyperbola fitting in the ReflexW program showed that the fill had a slightly faster velocity of 0.15 m/ns compared to 0.13 m/ns for the material interpreted to be in situ. This difference suggests that the fill material has somewhat different material properties than the local sediment. This may suggest either a non local source or that the air filled porosity of this material is higher, probably due to being less compacted.
It is not possible to interpret whether Mokare's grave existed in the study area before the construction of the car park, nor can its presence in areas adjacent to the study area be excluded. If it is, or was, present in these adjacent areas it is likely that it may not be resolvable with a conventional GPR burial methodology due to the presence of tree roots or metallic interferences (such as Feature 1 in Figure 8a ). The most likely source of metallic interferences in the area are obsolete services or buried metal related to activities from when the area was a timber stockpile or diesel generator installation. However, should any burials be located with GPR, the detailed account of Mokare's distinctive burial including the specific size, shape, orientation, depth and slope provided by Collie (1834) as reported in Goode (2001) would assist in identifying this grave in particular.
Conclusions
A GPR survey of a possible location of Mokare's grave showed a package of anthropogenic sediment to a maximum interpreted depth of 0.82 m. Given the depth and probable age of this feature, when compared to eye witness descriptions of Mokare's grave, it is unlikely that this grave is currently located in the study area. This does not preclude that it may have been there before the building of the car park. A conventional view of this survey is that since it did not locate Mokare it is a failure. We argue that a far more important result is the demonstration that the detection of anthropogenic fill with GPR can show that an area is clear of burials. This outcome would have been difficult to achieve convincingly with a conventional GPR survey in which targets are subtle. In contrast, our survey provides a high degree of certainty that no burial is present in this package. This approach has the potential to be applied at many other potentially disturbed sites where non-invasive investigation is desirable. Detecting graves by mapping anthropogenic fill with GPR Exploration Geophysics 255
